LIST OF FIGURES
.
Figure
Page 1.
BACKGliOUND
For almost three decades until 1992, Idaho National Engineering and Environmental Laboratory (INEEL) reprocessed a variety of nuclear fuels primarily for the recovery of uranium-235.' Highlevel salt-bearing acidic liquid waste from these activities was stored in underground stainless steel tanks which were enclosed in concrete vaults, Most of this high-level waste was calcined by 1998;
however, an'inventory of liquid waste remains which includes other sodium-bearing waste streams that were added from site decontamination and decommissioning activities. This waste is now considered to be a mixed transuranic waste rather than high-level waste (HLW), but because of the large volume and radioactivity, it is being treated as if it were HLW. As of August 1998, there was about 5000 m3 (1.3 million gallons) of liquid waste in about half of the 11 underground tanks. Since these tanks do not have secondary containment liners that meet the current regulatory requirements ofthe Resource Conservation and Recovery Act (RCRA), they cannot be used for long-term storage.
The DOE Office of Environmental Management is developing an Environmental Impact Statement that addresses options for converting INEEL's high-level and salt-bearing wastes into waste forms
that are suitable for interim on-site storage and for eventual transport and disposal in repositories or .
other facilities.
Segregation of the high-and low-activity fractions is one of the process steps currently being considered by the INEEL HLW program. In addition, several options are being considered for processing INEEL's calcines and liquid waste into other forms. One approach is to dissolve the calcine into aqueous-based solutions; separate the 137Cs, "Sr, and actinides; convert the remaining large volume of liquid into low-level grout; and solidif) the high-level fraction in a glass or cement waste form. Options for removing cesium from acidic salt-bearing solutions involve either ion exchange or coprecipitation. A multistage continuous process using ion-exchange columns would be advantageous because considerably less sorbent would be needed for the required cesium separation.'
Using the ion-exchange separation, only a few sorbents are known to be'effective in removing cesium from acidic salt-bearing waste: ammonium molybdophosphate (AMP) IONSIV@IE-911 was also tested at INEEL, and the loading capacity was found to be about two times less than that of FS-2 and AMP-PAN. Cesium could not be eluted from the IONSIV@IE-911.
The long-term insolubility of the CST and its binder in flowing acidic salt-bearing waste is not known and would need to be determined.
INTRODUCTION
The primary objective of this USDOE-ESP task was to develop, prepare, and test composite spheroidal inorganic ion-exchange sorbents for potential use in removing radioactive cesium isotopes from acidic high-salt waste streams such as those at INEEL. AMP was the active sorbent selected for the task because of its high selectivity and loading capacity for cesium. Zirconium monohydrogen phosphate (ZrHP) was chosen as the spheroidal matrix material used to homogeneously embed fine AMP powder. In the pH range of 2 to 10, ZrHP is also a very effective sorbent for removing Cs, Sr, Th, U(VI), Pu(IV), Am(III), Hg, and Pb from streams of lower ionic concentrations.
Inorganic sorbents are commercially available only as tine powders or as unstable granular particles that are not readily adaptable to continuous processing such as column chromatography.
AMP has a microcrystalline structure that does not lend itself to large particle preparations in pure form. Typically its particle size is in the range of 1 to 5 pm.8-12 For AMP to be used in column e operations, it has to be prepared as a composite sorbent in which it is embedded in a matrix material that can be sized to provide good flow dynamics (200 to 900 pm). Smaller-sized particles provide s the best loading kinetics. A particle size in the range of 300 to 600 pm is more ideal. Silica gel-AMP (65 wt %)13 and AMP (85 wt %)-PAN5,14 composites were prepared and column tested. The percentages of AMP were based upon the dry weight of the sorbents. Neither sorbent is currently commercially available. Cesium loading column studies that were conducted with AMP-PAN at INEEL showed that AMP (as powder) has a very high loading capacity for cesium with rapid sorption kinetics.' However, issues regarding the potential degradation and flammability of the polyacrylonitrile binder when exposed to high ionizing radiation fields' remain to be addressed. The thermal instability of the binder during hypothetical off-normal column operating events is also a source of concern, considering 1 g of 137Cs can generate about 0.45 W. Column studies by Faubel and Ali showed that AMP performed very well with acidic high-salt loadings with a breakthrough capacity of 60 g/kg.2
Preparation of inorganic ion exchangers as microspheres satisfies the criteria of providing radiation and thermal stability. Microspheres made using the internal gelation process are perfect spheres which provide ideal flow dynamics for column operations. In addition to being able to control the size of the microspheres, the microstructure (density and porosity) of the microspheres in some cases can be tailored by varying the chemical and physical process parameters. This allows some control over the selectivity and loading behavior of the exchanger. One of the key factors in synthesizing microspherical sorbents that are structurally strong with a'low tendency for surface erosion is the determination of the optimum broth formulations and process conditions.
ZrHP-AMP microspheres could possibly be used as a final waste form. Once loaded with cesium, they could be dried to remove any occluded water or water of hydration and densified into ceramic spheres by heating them to temperatures 2450°C. Densitication entraps ions that are sorbed within the matrices of the ceramic spheres, as demonstrated in the case of the Synroc process." The crystalline ceramic spheres should also have excellent resistance to leaching of the entrapped cesium.
In addition, the dried cesium-loaded microspheres can probably be incorporated into other inorganic waste forms such as glass, grouts, or ceramics.
The hexamethylenetetramine (HMTA) internal gelation process of making inorganic ion exchangers as microspheres is amenable to commercialization. The large-scale engineering of the process has already been developed at ORNL for nuclear fuels. The same equipment designs with minor modifications could be used to make commercial quantities of the microspheres. An economic evaluation of this process for the production of sorbents and for other uses has been reported by Collins and Watson."
SOL-GEL TECHNOLOGY
There are a number of gel-forming processes used in the pre'paration of inorganic sorbents, catalysts, and ceramics.'6'17 A common requirement of all of these processes is that the constituents ofthe processes be suitable for the bonding of colloidal particles into gel structures, The gels usually are hydrous metal oxides. These processes are generally identified as "sol-gel" processes, and the chemistries are complex and path dependent. Typically, they 'are defined as external or internal gelation processes. For external gelation processes, the gelation reactions involve mass transfer to a second phase or fluid. By comparison, there is little or no mass transfer in the internal gelation processes. One of the original external gelation processes for the preparation of nuclear fuels was developed at ORNL.1418 It was based on the gelation of colloidal sol droplets by extracting the water from them while they were suspended in an immiscible alcohol. In other external gelation processes that were developed worldwide at various laboratories, droplets of organic polymer solutions or sols were chemically gelled with ammonia, usually by mass transfer of the ammonia from a surrounding gas or solution.'g Making silica-alumina gel as spheres was one of the more interesting internal gelation processes. 16,17 Gel spheres were made by continuously mixing an acid solution of AK13 or Al,(SO4)3
with sodium silicate as it dropped into an immiscible organic medium. The aqueous droplets gelled while in the organic medium. The key to this process is the slow or delayed gelation of silica when the sodium silicate is acidified.
The most widely studied internal gelation processes in recent years involve the water hydrolysis of metal alkoxides.20 In these processes, solution temperature and pH are key parameters used in controlling hydrolysis and polymerization. The commercial sodium titanate and silicotitanate sorbents are made using metal alkoxide processes followed by hydrothermal treatment.21T22 Materials made by this method are fine powders, and engineered forms are made by the granulation of these materials using binders.
The HMTA internal gelation method23 employed in this task also provides a unique means of making hydrous metal oxide gel spheres; however, the method is very different from the one described above to make silica-alumina gel spheres. The HMTA internal gelation method is similar to the method that was used to develop light-water and breeder reactor microspheroidal fuels at use of a single-needle, two-fluid-nozzle system that is capable of producing 1 to 2 lb of dried HTiO microspheres per day (8 h). The second system, which is used for making monodispersed microspheres with a vibrating-nozzle apparatus, is shown in Fig. 3 . A tubular nozzle with two or three orifices would be needed for comparable production. Production could be increased by using a nozzle with five or seven orifices (Fig. 4) .15
Prior to the start of this task in March 1996, microspheres of several materials had already been developed and prepared at ORNL by the HMTA internal gelation process. Hydrous titanium oxide and titanium monohydrogen phosphate microspheres and microspheres of both of these materials that were embedded, with very tine particles of potassium cobalt hexacyanoferrate were used successfully for removing highly radioactive fission products from hot cell waste solutions. 26 The composite microspheres were very effective in removing cesium and strontium from supernatant taken from the Melton Valley Storage Tank (MVST) facility at ORNL. In a comparative study, they were found to be more effective than resorcinol/formaldehyde resin and CST for removing the cesium under certain conditions from the MVST supernatants and almost as effective as sodium titanate in removing the strontium." However, these composite microspheres can only be used to treat liquid waste streams with pH I 12 because the potassium cobalt hexacyanoferrate (KCoCF) decomposes at higher pH.
CHEMICAL FLOW SHEET AND APPARATUS
The broth formulations and process conditions used for making hydrous zirconium oxide by the HMTA internal gelation process were determined during previous work conducted at ORNL.2872g
Being able to make hydrous zirconium oxide (HZrO) as microspheres is the key to making all of the sorbents in this program. used. To make the HZrO/AMP microspheres, a predetermined amount of AM? is also mixed into the broth. The Ah4P is allowed to soak in a predetermined amount of water for about 24 h and is added as slurry to the broth tank. To keep particles of A&P suspended, the broth is continuously mixed in the chilled broth tank while the broth was pressure injected as droplets via a flat-tipped stainless steel hypodermic needle into a flowing stream of heated organic medium (Fig. 2) . From there, the droplets .are transported into the gel-forming apparatus. The size of the droplets is controlled by using a two-fluid nozzle concept and varying the gauge of the needle and the flow rates of the hot organic medium and the broth. Broth formulations with gel times of 8 to 12 s in the 
CHEMISTRY OF THE HMTA INTERNAL GELATION PROCESS
The chemistry of the HMTA internal gelation process is described in detail in reports by J. L. Collins et a1."0, 31 The results of those studies showed that there were four principal reactions The lattices of the gels are thought to be formed by the chaining of colloidal particles of hydrolytic products of the zirconium. The most important factor in the formation of the gel spheres .
is the timing of the gelation of the aqueous broth droplets once they are introduced into the hot immiscible organic medium. Ideally, the droplets should be almost completely gelled after passing through the gel-forming apparatus to the collection basket. The broth formulations and gel-forming temperatures used to make the HZrO have been optimized to yield structurally strong microspherical sorbents.2g
DEVELOPMENT OF ZrHP-AMP SPHEROIDAL SORBENT

I
This task focused on the development of cesium-specific spherical sorbents for the treatment of acidic high-salt waste solutions. Zirconium monohydrogen phosphate (ZrHP) embedded with AMP as the cesium-selective inorganic sorbent was chosen for making microspheres. The internal gelation process for making HZrO microspheres provided a means in which very fine AMP particles were homogeneously dispersed throughout the matrix of the microspheres. Once,prepared, the composite gel spheres were treated with phosphoric acid, converting the HZrO to acid-insoluble ZrHP microspheres containing the Ah@. I
AMMONIUM MOLYBDOPHOSPHATE
Ammonium molybdophosphate (AMP) is a yellow powder with a microcrystalline structure that is a very effective sorbent for removing cesium from salt-bearing waste streams for a wide range of acidity.' AMP is effective in removing cesium over the full range of acidity but works best in a molarity range of 0.1 to 3. The concentration of sodium was experimentally found to have little effect on the loading capacity of cesium.2 The cesium loading kinetics is even faster at 80°C. At ambient temperature, the cesium loading capacity is 0.9 f 1 meq/g (120 f 13 mg/g). This amount of aged fission-product cesium would contain about 40 mg 137Cs, which calculates to about 3.5 Ci (-16 R/h at a distance of 1 fi). If a kilogram of AM? were loaded with cesium (-40 g '37Cs/kg), about 18 W (0.45 W/g 137Cs) would be generated. AMP selectivity for the following monovalent cations is as follows: Cs+> Rb'> Tl' >>K* > Ag' > Hg, 2+ >> Na'. In the pH range of 2-5, divalent (Sr and Ba) and trivalent (Y, Ce, SC) ions exchange are also significantly sorbed by AMP." Cesium can also be eluted from AMP with ammonium nitrate or chloride salt solutions (best at -5 IV). In alkaline solutions (pH > 7) AMP decomposes readily but reforms when the solution is acidified.
ZIRCONIUM MONOHYDROGEN P'HOSPHATE
Zirconium monohydrogen phosphate (ZrHP) does not sorb cesium in strongly acidic solutions; m however, in the pH range of 2 tolO, ZrHP is also a very effective sorbent for removing Cs, Sr, Th, U(VI), Pu (IV), Am(III), Hg, and Pb from streams of lower ionic concentrations. The best cesium loading capacity, -0.8 meq/g (-100 g/kg), was achieved at a pH of 7.' However, there is a significant loss of cesium loading capacity in solutions with a high salt content. The composite microsphere developed in this task is a totally inorganic sorbent, is insoluble in acid medium, and has the advantage of being stable in high radiation fields. ZrHP-AMP microspheres loaded with cesium could be stored for indefinite periods or the cesium could be desorbed from the sorbent with ammonium salt solutions.
DEVELOPMENT AND PREPARATION OF ZrHP4MP COMPOSITE MICROSPHERES '
Three AMP powders were considered for the ZrHP-AMP microsphere development. One, AMP-I, was purchased from Bio-Rad Laboratories, Hurcules, California. The other two were prepared by Method A, a citromolybdate method described in a paper by J. L. Kassner,33 and The average crush strength for each composite microsphere composition was determined dynamometrically. This is the force, in grams, needed to crush a single microsphere. For these measurements, twenty or more air-dried microspheres were randomly chosen from each composition and crushed (Table 1) . The crush strengths of the pure HZrO and HTiO microspheres were also measured for comparison. Both had crush strengths of >2000 g. The addition of NaCoCF or KCoCF powders (up. to 25 wt %) had little impact on the crush strength; both remained at >2000 g. This was also the case when sodium titanate (NaTiO) was added to hydrous metal oxide microspheres. Conversion of the hydrous metal oxides to monohydrogen phosphates with phosphoric acid lessened the crush strength by a factor of two or more. Depending on the preparation method used, amorphous, semicrystalline, and crystalline microspheres can be prepared. As the crystallinity of the monohydrogen phosphate is increased, the structural strength ofthe microspheres is decreased. The composite TiIP or ZrHP microspheres prepared in this work were made amorphous to help maximize the structural strength.
CRUSH STRENGTH MEASUREMENTS
BATCH TESTS
PROCEDURE
Sorption measurements were made using batch equihbration tests. The D,, compares the mass of the radionuclide on the ion exchanger with the mass remaining in solution after the specified contact time (t).
ZrHF-AMP microspheres which contained 50% AMP (based on the dry weight) were chosen to be used for shipment to INEEL for small-column testing with real INEEL acidic sodium-bearing liquid waste. Using crush strength measurements (Sect, 7.2), it was determined that'higher weight percentages of AMP decreased the structural strength of the microspheres too severely for column use.
Cesium removal batch tests were conducted with two stock solutions of MVST W-27 supernatant that were acidified with concentrated nitric acid to a free acid concentration of 0.16 (pH = 0.8) and 1.8 molar acid. The concentrations of the constituents of MYST W-27 supernatant and of the two acid-adjusted stock solutions are given in Table 2 . For comparison purposes, the concentrations of the constituents in INEEL WM-183 are also given. To better determine the effectiveness of cesium loading for the microspheres, cold cesium was also added to the two stock solutions to adjust the cesium concentration from about 1 mg/L to 101 mg/L, which is ten times more cesium than was present in the INEEL WM-183 supernatant. Furthermore, the concentrations of the sodium and potassium in the two stock solutions were -6.6 and 2.7 times greater. On the other hand, the concentrations of aluminum, calcium, chromium, lead, and uranium were much higher in the INEEL WM-183 supernatant. The two stock solutions contained about 8.4 mCi/L of 137Cs, which was more than enough gamma activity to provide good counting accuracy. Table 3) . The D,, and % R for l-and 24-h mixing times were 532 r&/g (72%)
and 5890 mL/g (96.9%) respectively. The AMP (85 wt %)-PAN was slightly more effective, providing D,, and % R of 966 mL/g (82.,9%) and 7500 mL/g (97.5%) for l-and 24-h mixing times, respectively. However, the AMP (85 wt %)-PAN contained 1.7 times more AMP than the AMP (50 wt %)-ZrHP microspheres. The calculated mass of cesium loaded on 1 g of the AMP powder in the microspheres was 3 8.8 mg in the 24-h tests compared with 22.9 mg for 1 g of the AMP in the ' PAN sorbent. In the 24-h batch tests, pure AMP-l powder provided a D,, of 16,800 mL/g, removing 98.7% of the cesium. As expected, the ZrHP microspheres did not remove any cesium.
The data in AMP (50 wt %)-ZrHP microspheres; however, the AMP-ZrHP microspheres contained much more active sorbent. IONSIV@IE-911 also was found effective in removing cesium from this supernatant.
The 24-h D,, and % R were 670 n&/g and 77%, respectively. Table 4 gives the cesium removal results for the MVST W-27 supernatant that was acidified to 1.8 A4 free acid. The increased acid concentration had an impact on all the sorbents, lowering the D,, and % R. For the 24-h tests, the granular KCoCF and the KCoCF (18 wt %)-TiHP microspheres surprisingly worked best. The D,, and % R were 2800 mL/g (93.2%) and 1650 mL/g (88.8%) respectively. The D,, and % R values were also high for the 1 h tests, 1110 mL/g (83.9%) and 
SUMMARY
. A spheroidal composite inorganic sorbent was developed for potential use in cesium removal from acidic high-salt waste streams such as those at INEEL. The sorbent, ZrHP embedded with fine powder of AMP, was prepared using a unique internal gelation process which can be used to make porous reproducible microspheres that are structurally strong, have a low tendency for surface erosion, and improve the flow dynamics for column operations. The key to the development was to determine the ideal weight percentage of AMP that could be embedded in the ZrHP microspheres and 23
